A b r t r a 6 T h r e e mothods of remote air pollution detection-Raman bodncattering, resonance backscattering, and resonance absoWh+-a n discussed and compared. Theoretical expressions are derived for the minimum detectable pollutant concentration, and in each case the depth resolution and the problems of interference, pump depletion, and background noise are discussed. A brief discussion of possible l o u r sources is included, numerical examples of the dehdabilities based on prescnt technology are given. Tho atmospheric transparency limits the useful range to a few kilometers for the Raman and resonance backscattering schemes. For the resonance absorption technique the useful mnge can be as g n a t CH 50 kilometers.
I. INTRODUC~ON

A T THE PRESENT time the National Air Pollution Control
Administration is monitoring over 40 atmospheric pollutants across the United States [ I]. In general, 90 percent of these pollutants are in a gaseous state in concentrations that vary between 0.01 to 10 ppm for molecules to 0.01 to 10 ppb for metal vapors. To detect and obtain quantitative measurements of these pollutants presently requires fixed monitoring stations using wet chemical techniques with integration times varying from one minute to a few hours. There is a need for a sensitive, instantaneous detection method which can quantitatively measure atmospheric gaseous pollutants over a wide range of concentration.
In this paper three optical methods for pollutant detection are compared and discussed: 1) Raman backscattering, 2) resonance backscattering, and 3) resonance absorption. The application of these methods is now possible due to the invention of the laser and to the recent development of tunable coherent light with the dye laser [2] and parametric oscillator [3] . 1 The Raman scheme has been discussed previously [4] , and preliminary experiments have been performed [5] - [8] . Also, the resonance backscattering scheme has recently been used to detect sodium atoms in the upper atmosphere [g] . However, a complete discussion of the problem of pollutant detection based on these approaches has not been given, and questions Qf sensitivity, interference, atmospheric path limitations, detectors, and required laser powers have not been considered. In this paper we consider these questions in detail for the three detection schemes, and apply the results to the specific problem of measuring small concentrations of molecular and atomic pollutants.
In the next section, theoretical expressions are developed for the Raman backscattering intensity, the resonance backscattering intensity, and resonance absorption. The problems of saturation of the pollutant transition and of pump depletion by high pol- lutant concentrations are also considered. These results are then applied to specific examples in Section IV. In Section 111 the practical problems associated with all three schemes are discussed. These include atmospheric transparency limitations due to molecular Rayleigh scattering, Mie scattering, and H a and COz absorption; detector capability in the visible and infrared; and background radiation limitations due to backscattered pump radiation and to solar radiation.
Section IV compares the three detection schemes. The discussion is aimed at showing the limitations of the schemes using present laser technology and assuming obtainable detector, spectrometer, and optical system parameters. The discussion includes the effect of atmospheric transmission and background radiation levels. Depth resolution is also discussed for the Raman and resonance backscattering schemes. Brief descriptions of present laser capabilities and of the important parameters for the dye laser and parametric oscillator are also given in order to place the use of these laser sources in proper perspective.
II. THEORY
This section considers three potentially useful remote air pollution monitoring schemes. The expressions for measured intensity for Raman backscattering, resonance backscattering, and resonance absorption are developed. Section IV uses the principal results for a direct comparison of each detection scheme.
A . Raman Backscattering
The Raman scheme requires only a single wavelength laser, whereas the resonance backscattering and the atmospheric transmission schemes require a tunable optical source. The Raman scheme has previously been discussed by Inaba and Kobayasi 141. Cooney [6] has measured the Raman backscattering from nitrogen, Me@ [7] from water vapor in the atmosphere, and recently Inaba et al. have measured COz and SO2 concentrations using the Raman technique [8] .
The Raman lines of a molecule are shifted from the laser pump frequency by the characteristic vibrational frequencies of the molecule. These vibrational frequencies are specific and allow interference-free detection of many important pollutant molecules. Fig. 1 shows the important pollutants and their respective Raman frequencies. The absolute concentration of each pollutant can be determined by comparing the backscattered intensity with the intensity of the Nz or 0 2 Raman lines.
The Raman backscattering scheme has the following advantages: use of a single wavelength laser in the transparent spectral region of the atmosphere; laser pump and detector optics at the same location; and the measurement of pollutant concentration with good depth resolution. These advantages make the Raman system very attractive for remote air pollution monitoring. The potential disadvantages are the lack of sensitivity over long distances and the need to use high-power lasers with potential eye safety hazards. The Raman differential backscattering cross section for scattering from the fundamental vibrational mode of a molecule is given by where w1 is pump frequency, w2 the Raman frequency, and ro,la is the Raman polarizability [lo] . The two frequencies differ by the vibrational mode frequency wv so that we have w e =wl -av. Fig. 2 shows a typical Raman spectrum at 300°K. The spectrum is for a (00'0) to (10' 0) transition in Con. The Q branch has the same rotational fine structure as the 0 and S branches, but the displacement between the lines is very small. For example, for COz the width of the Q branch is only 0.3 cm-l, and the linestrength is about ten times larger than for the 0 and S branches.
The backscattered Raman intensity at time t after the laser pulse is given by where W 1 is the total energy of a single laser pulse, R is the distance to the polluted area contributing to the intensity at the time t , N d R ) is the concentration of a pollutant, and TI and TO are the atmospheric transmittances at the frequencies w1 and w2. The observed Raman intensity arises from a region of a depth one-half the laser pulse length ct0/2. For simplicity N d R ) and R ' are assumed constant over this distance.
In the Raman scheme selective excitation is not possible, so the backscattered signal includes the Raman scattering from all the pollutants. Since the total width of a Raman line, including all three branches, is typically more than 100 cm-l, interference is a problem, especially from Oz'and NO. The interference problem can be reduced by limiting the detection to the narrow Q branch at a cost of a small reduction in the effective scattering cross section. For example, for COz Fig. 2 shows that the reduction in cross section is about 10 percent.
One of the principle advantages of the Raman scheme is the depth resolution. With the detector followed by a gating circuit of width to, the depth resolution A R R a m is 
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Since Raman scattering is an instantaneous process, only the laser pulse length to and the gatewidth limit the depth resolution.
B. Resonance Backscattering
With a tunable laser source it is possible to excite selectively various pollutants. We consider two possibilities: excitation of infrared vibrational transitions, and excitation of atomic and to (10'0) transition at 300°K.
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I 00 WAVENUMBER ( c m ' : I 2200 Fig. 3 . Calculated absorption spectrum for CO for a fundamental vibrational transition at 300°K. molecular electronic transitions. After excitation, the excited pollutant emits spontaneous radiation into a solid angle of 47r steradians. Monitoring the backscattered radiation determines the pollutants and their relative concentrations. Absolute concentrations are not so easily determined as in the Raman scheme. This is particularly the case for infrared transitions, since the backscattered intensity cannot be compared to the infrared inactive Ne or 0 2 molecules. As in the Raman scheme, the transmitter and the detector are at the same location.
In the following discussion we consider resonance backscattering from molecular infrared transitions. The infrared absorption lines are generally narrow and specific for each pollutant molecule. The results also apply with minor changes to the case of atomic and molecular electronic transitions.
Several absorption lines are associated with each vibrational transition of a molecule. Fig. 3 shows a typical absorption spectrum for a simple molecule that consists of the P and R branches.
Molecular rotation causes splitting into a line spectrum. The linewidth of a single vibrational-rotational line at atmospheric pressure is typically 0.1 5 cm-', while the total width of the spectrum can be several hundred wavenumbers at 300'K. In the cal-culations we assume that the linewidth of the tunable pump source is sufficiently narrow so that only a single vibrationalrotational transition is excited.
Several lifetimes are important for the resonance backscattering scheme. The excited molecules reach rotational equilibrium before they decay back to the ground state, because of the fast rotational relaxation time of the order of 10-9 s. The nonradiative vibrational relaxation timer is much longer, and is approximately lW4 to 1 P s at atmospheric pressure, depending on the molecule [ll]. The spontaneous radiation decay time is even longer, being about 10-l to 1 0 1 s. Since the nonradiative vibrational decay time is much faster than the radiative decay time, the nso~n c e backscattering efficiency is reduced by about the ratio between the two decay times.
Since most of the molecules reach rotational equilibrium before they decay back to the ground state, the backscattered radiation is emitted over a wide spectral band consisting of the P and R branches. Use of a narrow-band light source, with a linewidth comparable to the linewidth of a single vibrationalrotational line utilizes the total energy to excite the desired vibrational transition. In addition, narrow-band excitation reduces possible interference from other pollutants.
The backscattered spontaneous radiation intensity is calculated in Appendix I. Equation (98) in this Appendix gives the total backscattered intensity from both the R and P branches. If the optical bandwidth of the detection system is less than the width of the two branches to reduce background radiation or interference from other molecules, ihe signal intensity is decreased. When a single vibrational-rotational line is detected, the reduction is approximately 20.
Setting the transmittance of the atmosphere equal to unity and assuming uniform pollutant concentration beyond Rmin, the distance at which the pollutant starts, (98) reduces to where r is the nonradiative relaxation time, to is the laser pulse length, and the other quantitites have been defined previously. Over distances where the pump depletion can be neglected, the resonance backscamring scheme has a depth resolution MIe8 given by a r e a Ej: C
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where to is the gatewidth. Combining (6) and (3) yields
The Raman depth resolution can be improved by decreasing the gatewidth and shortening the laser pulse length. In the resonance backscattering scheme the depth resolution is limited to
From our previous estimates for T we see that ARre" varies between 0.15 and 15 km for infrared transitions. This leads to the consideration of resonance backscattering for special detection geometrih, such as layered polluted regions with clear air between the detector and the polluted layer. Under this circumstance the lack of depth resolution may not be a severe handipp. The fluorescence decay time for electronic transitions is as short as a nanosecond. For this case the depth resolution is comparable to the Raman scheme.
Present levels of pollution in the atmosphere are at times so higb that pump depletion is important. Under these conditions radiation trapping may present a problem particularly for transitions terminated in the ground state. The trapping both reduces and delays the backscattered radiation.
It is easily shown that radiation trapping is important only for distances greater than the pumpdepletion distance R-. In general, R-is given by
In other words, the pump beam is depleted before it reaches a depth from which trapping of the backscattered radiation is important.
C. Resonance Absorption
Resonance absorption, similar to resonance backscattering, may be used for the remote detection of pollution [12]. However, it has the disadvantage of needing a remote detector or reflective target to receive the transmitted beam. The resonance absorption technique measures the total amount of pollutants in the light path without depth resolution. The advantages of this scheme are its relative simplicity, its good sensitivity, and the use of low-power light sources.
The transmitted intensity at the detector follows from (94) in Appendix I. We have where Z(0) is the intensity of the emitted pump beam, Tn,0 the atmospheric transmittance, and R the path length from the pump source to the detector. Saturation is neglected. For the conditions under which this is true we refer to the discussion in section IV.
By detuning the pump source so that it is outside the absorption line, the transmitted intensity is
The integrated pollutant concentration is determined from the ratio between the on and off line intensities and is given by L 5-percent change in transmission on tuning to the absorption line, the minimum integrated density which can be measured in a given path length is
The value chosen for Z,,Otrsns/Zotftrans is conservative and can be improved by proper signal processing techniques.
Before considering each system and its parameters it is necessary to discuss general factors that limit the sensitivity and usefulness of all three schemes. These factors include atmospheric transmittance and scattering, background radiation, and detector parameters. The next section considers these factors as they apply to each of the detection schemes.
ITI. ATMCSPHERIC T R A N~A N C E , DETECTION S Y~ PARAMETERS, AND BACKGROUND RADIATION
A. Atmospheric Transmittance
Atmospheric transmittance is limited by two mechanisms: elastic scattering loss due to Rayleigh and Mie scattering, and absorption. The transmission loss limits the range of the remote detection systems by pump depletion. In addition, the elastic scattering increases the background level at the detector. This section discusses the Rayleigh and Mie scattering cross sections and the atmospheric absorption for both the ultraviolet and the infrared spectral regions. The results are stated so that the practical limitations set by the atmospheric properties can be determined for each of the three detection schemes.
Elastic scattering is classified as Rayleigh or Mie scattering, depending on whether the particle size is much smaller or comparable to the wavelength. Rayleigh scattering is inversely proportional to the fourth power of the wavelength, so it is most important in the ultraviolet region of the spectrum. Mie scattering is much less wavelength dependent and is usually much larger than the Rayleigh scattering in the visible and near infrared. The magnitude of Mie scattering depends on the aerosol concentration, and varies with changing atmospheric conditions in contrast to molecular Rayleigh scattering, which remains fairly constant. A simple empiricial relation relating the Mie scattering coe5cient to the visual range is often used [ 131 and is given by 
(14)
Here X is the wavelength in microns and V is the visual range in kilometers. Raman scattering also contributes to scattering loss. However, the cross section is typically three orders of magnitude smaller than the Rayleigh scattering cross section, and Raman scattering is therefore neghgible. For reference we list the Ray- In the Raman scheme a short pump wavelength is preferred due to the larger scattering cross section. For wavelengths longer than about 2500 A no problems are normally encountered with atmospheric absorption, and the range of the pump beam is limited by the elastic scattering loss. At wavelengths shorter than 2500 A, oxygen absorption becomes important for longer pathlengths (> 100 m), and at wavelengths shorter than 1850 A the atmosphere is totally opaque. At heavy ozone concentrations, additional absorption occurs due to the wide ozone absorption band between 2OOO and 3000 A. At an ozone concentration of 0.1 ppm the absorption compares with the oxygen absorption at 2500 A. Fig. 4 illustrates how the oxygen and ozone absorption vary with wavelength.
In the infrared the atmosphere has several absorption bands because of water vapor and C02 absorption which limit the useful spectral region to the atmospheric windows. Fig. 5 shows the atmospheric absorption bands together with the vibrational band centers of the most important pollutants. For a more complete discussion of the infrared atmospheric windows see [13] . Within the atmospheric windows the absorption loss over a 1-km pathlength is significant and exceeds the scattering loss in mediumclear-day conditions. As an example, for a visibility of 5 km, a relative humidity of 15 percent, and an air temperature of 60"F, the absorption constants in the two infrared windows 2.70 to 4. From the previous discussion we conclude that the total atmospheric transmission losses, including both scattering and absorption, are approximated by an absorption constant of 1 k m 1 for the ultraviolet spectral region, and 0.5 k m -1 for the infrared windows.
B. Detection System Parameters
This section discusses limiting factors on the detection capability of the receiving system. Two types of detectors are considered: a photomultiplier tube for the ultraviolet and visible, and a photovoltaic InSb detector, cooled to liquid nitrogen temperature, for the infrared. The cooled InSb detector is useful between 1 and 5.5 pm. For shot-noise-limited detectors the signal-to-noise ratio is given by [19] where i , , iB, and & are the average photodetector currents due to signal radiation, background radiation, and dark current. The electrical bandwidth of the detection system is B, and q is the electronic charge. Depending on which noise source gives the largest contribution, the detectors are said to be photon, background, or darkcurrent limited. Equation (15) gives the signal-to-noise ratio for detection of a single pulse. The signal-to-noise ratio improves by averaging over a number of pulses. The improvement is directly proportional to the number of averaged pulses n, since the effective bandwidth is reduced to B/n. The maximum number of averaged pulses is &t by practical limitations, such as signal processing electronics and averaging time. when the signal and the background radiation powers are P, and Pg. In order to detect a signal, we require that the signal-to-noise ratio be larger than (SI&&. Therefore, for photon-limited detection the minimum detectable signal power is
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and similarly for dark-current limited operation Neglecting the background radiation noise, the detector is photon limited when and darkcurrent limited when the reverse is true. The cathode dark current for the photomultiplier tube is approximately leu A, which means the photomultiplier is photon limited for bandwidths B larger than 3 kHz when (S/&in is set equal to one.
The photovoltaic InSb detector is always dark-current limited where AD is the detector area.
Together with the sensitivity and detectivity, Table II lists the minimum detectable signal (MDS) powers for (S/&b equal to one. Table II also gives the maximum background radiation powers allowed for the two detectors in order that they are not background limited. The electrical bandwidth of the photomultiplier is assumed to be 17 MHz, which corresponds to a minimum gatewidth of 30 ns. For the InSb detector the bandwidth is 1
MHz, and the detector area is 0.01 cm2.
For a dark-current limited detector, the constant background intnseity can be much larger than the signal intensity, provided that the detector does not saturate. For the photon-limited detector, however, it is necessary that Pd-is less than the signal power. In the table we have used the stricter condition that P B~ is less than the minimum detectable signal power.
C. Background Radiation
It is important to notice that, besides the background radiation from natural sources, such as the sky and the terrain, additional background radiation is generated by the elastic backscattering of the pump beam in the backscattering schemes. First we w i l l discuss the background radiatioo from natural sources. The background power at the receiving mirror, due to an extended source filling the mirror field of view, is [19] lb', , , 
P B = TIAXQ,,,AJV(X) (22)
where Ta is the atmospheric transmittance at X, M the optical bandwidth of the detection system, Q,,, the receiving mirror field of view, and N(x) the spectral radiance of the background source. The spectral radiance of the sky under clear daytime conditions is shown in Fig. 6 . Equation (22) shows that the background intensity can be reduced by decreasing the field of view and the optical bandwidth of the detection system. The ozone absorption in the upper atmosphere provides a virtual screen against solar radiation below MOO A. This "night" background condition and the oxygen absorption starting at shorter wavelengths determine the optimum pump laser spectral range for the Raman scheme as between 2500 and 3000 A.
The background radiation due to elastic backscattering is important for both the Raman and resonance backscattering schemes. For the Raman scheme both Rayleigh and Mie backscattering contribute. However, for clear air conditions and an ultraviolet exciting wavelength, Mie scattering is neghgible. The intensity ratio between Rayleigh backscattering from air and Raman backscattering from a single pollutant is approximately given by where 7 is the relative density of the pollutant with respect to the density at one atmosphere. In (23) it is assumed that Rayleigh scattering is from a "gas" at one atmosphere, and that the scattering cross section is about three orders of magnitude larger than the Raman cross section. With 11 equal to 1W6, which corresponds to a pollution concentration of 1 ppm, the ratio is 109. In the infrared Mie scattering is most important. For a Mie scattering constant mYi*, the elastic backscattered intensity is "_ Yie ,.
assuming that Mie scattering is approximately isotropic. From (4) we have for the excitation of a fundamental vibrational transition that 
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Typical values for the absorption cross section and the spontaneous transition probability are ul.dV,t -5 X 10% m-l and w:r0 -30 sl.
For a visual range of 5 km and a wavelength of about 5 pm, the Mie scattering coekient from Table I is about 0.086 k n -1 . For a range R of 100 m we obtain
with R m~/ 2 R S l , o~1 . For resonance backscattering from vibrational transitions, the detected signal frequencies are closer to the exciting frequency than in the Raman scheme, so the rejection ratio offered by a grating spectrometer is smaller. It is of the order of 104 within 25 cm-1 of the exciting line for a single-beam spectrometer [ 201. For a darkcurrent limited detection the background intensity can be somewhat larger than the signal intensity without affecting the signal-to-noise ratio. Therefore, Mie backscattering should. not be a problem for resonance backscattering detection of molecules in the infrared. For the case of atomic pollutants, where the fluorescence radiation is at the transmitted frequency, rejection of the backscattered Mie light is a more serious problem.
IV. NUMERICAL EXAMPLES OF D-ON ~A~A B I I , I I Y
In this section we apply the results of the previous analysis and consider in turn the Raman backscattering, the resonance backscattering, and the absorption schemes for air pollution detection. The emphasis is to illustrate the potential of each system assuming the use of the optimum pump laser source which is now available or is soon to be available. The advantages and disadvantages of each system as it relates to sensitivity, interference problems, depth resolution, and range are discussed. The discussion therefore includes a brief review of present laser systems: the ruby laser and its second harmonic output; the Nd:glass laser and its quadrupled output; the Nd:YAG laser and its use as a pump for tunable parametric output; and the dye laser for tunable radiation in the violet and visible part of the spectrum.
Research in the field of nonlinear optics and dye lasers is proceeding at a very rapid pace. Therefore, recent progress is discussed in order to fully evaluate the potential of the remote sensing schemes.
A . Raman Backscattering
For the Raman detection scheme we consider the geometry shown schematically in Fig. 7 . The transmitted laser beam is passed through a beamexpanding telescope which is collinear with a large collecting-mirror receiving telescope. The use of the telescope is followed by a spectrometer and necessary filters to provide rejection against backscattered Rayleigh and Mie radiation. Reference [22] describes one of a number of Raman transmitter and receiver optical systems that have been built. Equation (2) shows that the Raman signal intensity is proportional to the cross section, the atmospheric transmittance, and the laser energy per pulse. Since the cross section is inversely proportional to the fourth power of the wavelength, it is significantly increased by using a pump laser in the ultraviolet. The and (2), we obtain a condition for the minimum detectable con-R A M A N SCATTERING centration of the pollutant q given by SCHEME RANSMITTED v where n is the integrated number of pulses. It is apparent from (28) that if the detector is photon-noise limited, the sensitivity is determined by the average transmitted power. In other words, if we compare two lasers with different repetition rates and pulse energies, but with the same average output powers, we find that the detection sensitivity is the same when integration times as well as other system parameters are equal. However, for darkcurrent or background-limited detection, where q is inversely proportional to &, the sensitivity is improved for larger pulse energies at the given average power level [cf (1 8) ].
In order to evaluate the Raman scheme for pollution detection, we assume a l-J transmitted laser pulse in a 30-11s pulsewidth. At the present time this is available for a doubled Qswitched ruby laser. We also chose an electrical bandwidth of 17 MHz so that the gatewidth is equal to the laser pulsewidth. In " this case, the depth resolution is 9m. Assuming a receiving mirror equal to one, we find from (28) for Q branch detection that mitting laser, receiving optics, and spectrometer.
shortest useful ultraviolet wavelength is determined by the decrease in the atmospheric transparency due to Rayleigh and Mie scattering and to oxygen absorption below 2500 A.
In the following discussion we consider a Q-switched ruby laser with output at the second harmonic at 3471 A as the pump laser. The ruby laser has a short pulse length and large energy per pulse. Another possible pump is the quadrupled Nd:glass laser at 2660 A. This laser has the advantage of the virtual "night" conditions existing at wavelengths shorter than 3000 A due to the ozone absorption screen. By proper design, however, natural background radiation problems can be avoided atthe doubled ruby wavelength. The pulsed NS laser at 3371 A and the second harmonic output of a visible dye laser are also possible pump sources, but they do not offer any power advantage over the ruby laser. As will be discussed, the tunable dye laser may offer some advantage due to possible resonant enhancement of the Raman cross section. Equation (1) gives an expression for the Raman cross section. The direct Raman backscattering cross section, including all three branches for COS with a 3471-A pump, is calculated to be [IO1 COS is not usually considered an air pollutant, but its cross section is characteristic for other gaseous air pollutant molecules
[lo], [23] , [24] . to just the Q branch to reduce interference and background radiation problems, the cross section is somewhat smaller. For COS it is reduced by 10 percent.
Multiplication of the Raman intensity by the area of the receiving mirror A, and the efficiency of the receiving optics K yields the Raman power at the detector. This must be larger than the MDS power for the photomultiplier detector. At large electrical bandwidths the MDS for a photomultiplier tube is given by (17). Combining this expression with the previous cross section
The atmospheric transmittance in (29) is determined by the combined Rayleigh and Mie scattering.
The total attenuation coefficient in the 3000 to 4OOO-A region is ax-5 km-l and 0.8 km-1 for visibilities of 1 km and 10 km, respectively [cf. Table I ].
With Tl =T2 we can rewrite the restriction on the minimum detectable concentration q as Fig. 8 shows the minimum detectable concentration of pollutants as a function of distance as determined by the previous equation. The detectability can be improved by increasing the pump pulse energy above 1 J, by increasing the receiving mirror area, by decreasing the bandwidth at the cost of depth resolution, and by integrating over a number of pulses.
As stated in Sectioq 111, for the Raman scheme the necessary rejection ratio against the Rayleigh line is of the order of l @ /~. Fig. 8 shows the necessary Rayleigh rejection .ratio for various 7. Since both the Raman and the Rayleigh scattering are inversely proportional to the fourth power of the wavelength, this restriction is independent of the excitation wavelength. Filtering methods include spectrometers, dielectric reflection filters, cutoff absorption filters, and possibly absorbing gases.
For photon-limited detection the natural sky background radiation power must be less than the signal power. Refemng to (22), this condition is MDS > KTxAAQ,A,,,N(A) (31) where the MDS is given by (1 7 ) . From Fig. 6 the spectral radiance at 3700 A is No) =5 X lea We cm-1 pm-1 ST^. For an optical bandwidth of 1.2 A (10 cm-l), TX equal to one, and the same area and optical e5ciency as for the Raman example, (31) leads to a maximum receiver field of view given by 8, < 1.5 X les sr.
(32)
For an optical receiving system matched into a spectrometer we have A,,,&= A,Q,, where a, and A. are the solid-angle field of view of the spectrometer and the area of the entrance slit. For an f-9 spectrometer, Q. is equal to 0.01 sr. With this value the restriction on the slit area is A,<0.15 cm2. When this condition is satisfied, background is not a serious noise source even at the doubled ruby wavelength. According to [19] , the sky background is reduced by about seven orders of magnitude for the quadrupled Nd: glass laser or for nighttime operation and is completely negllgible for these cases. It is possible to improve the detectability by increasing the receiving mirror area. With a 1-m2 mirror and a signal-to-noise ratio of 10, Fig. 9 shows that the detectability is about 10 ppm at a 100-m range with 10-m depth resolution. This is assuming optimistic parameters for the detection system. For detection beyond 1 km the scheme is severely limited due to both the small Raman signal and the pump depletion caused by atmospheric scattering. In the major cities of the world visibilities less than 10 km are common. The practical range of the Raman scheme is therefore limited to less than 1 km. The scheme is not sufficiently sensitive to measure general air-pollution levels, which typically are in the range of 0.01 to 0.1 ppm. It can be used, however, to monitor emissions from smokestacks or other sources where the pollutant concentrations are generally much higher.
Recently, resonance Raman scattering has been suggested as a means of improving the Raman backscattering efficiency. By choosing the pump frequency close to an allowed electronic transition of the molecule, an enhancement in the scattering cross section occurs due to a resonance effect in the polarizability tensor. The enhancement is approximately 1651 where w1 is the laser pump frequency, 00 the electronic transition frequency, and AU the linewidth of the electronic transition. In practice, resonance Raman scattering requires at least a discretely tunable laser to match the electronic transition frequencies for different molecules. Except for a few molecules, the electronic transitions are in the ultraviolet where high-power tunable lasers are not yet available and the atmospheric transmission is limited by elastic scattering loss and absorption.
The resonance Raman process is very similar to laserexcited fluorescence from molecular electronic states., The fluorescence frequency shift for molecules is of the same order as the Raman shift so that the discrimination problems are similar. However, the backscattered fluorescence intensity may be larger by orders of magnitude than the resonance Raman intensity at the same detuning from the resonance absorption frequency. The relation between the absorption cross section and resonance Raman scattering cross section is given by
where AU is the linewidth and fl is radiative decay rate. As an example, we estimate that the absorption cross section for benzene is 7 X 106 times larger than the resonance Raman cross section for a linewidth, and a decay time of 60 cm-' and 6.2XlW' s, respectively.
Quenching reduces the backscattered fluorescence efficiency. At 1 atm, the quenching time can be shorter than a nanosecond for electronic transitions. where the gas kinetic coltision time T~I at atmospheric pressure is approximately 10-l0 s. The probability of quenching per collision is 1/Z. For oxygen and nitrogen quenching Z is typically between 1 and 10 [26]. For benzene with ~~*=6.2X10-' s, and assumingZ= 1 and F=0.1, the fluorescence-to-resonance Raman intensity ratio is Zre8(t)/Zr,.R"(t) = For quenched-resonance fluorescence the depth resolution is essentially the same as for the Raman scheme. For molecules with rapid spontaneous fluorescence decay times the fluorescence scheme offers increased sensitivity compared to resonance Raman scattering.
B. Resonance Backscattering
For both the resonance backscattering and the resonance absorption scheme, radiation sources are needed at frequencies matching the absorption lines of the pollutants of interest. With the recent development of the dye laser and the optical parametric oscillator, tunable coherent radiation is now available in the near ultraviolet, visible, and infrared spectral regions. Before the resonance detection methods are considered in detail, we w i l l
give a brief description of these new tunable laser sources.
Reference
to about 1 p in the infrared [27] , [28] . Laser pumped dye lasers operate with efficiencies from 1 perant up to 50 percent, and reproduce the peak power, energy per pulse, and repetition rate of the pumping laser. Peak powers of up to 100 kW with a IO-ns pulse length at repetition rates of up to 100 pps are possible [29] . For a flashlamp pumped dye laser, the efficiency is decreased and the pulse length is longer, but the energy available per pulse is significantly improved from the l-mJ level in the previous example to oyer 1 J [MI.
Tuning of dye lasers by a diffraction grating [31] results in a spectral-width of about 1 cm-l. A birehgent (Lyot) filter or etalon further reduces the bandwidth so that it is narrower than the absorption line of a gas. Walther and Hall [32] recently obtained a spectral width of about 0.03 cm-' with a birefringent element, and similar results have been obtained with etalons [33] .
Optical parametric oscillators provide tunable radiation in the infrared at the vibrational frequencies of the pollutant molecules. In addition they tune over most of the visible and may be doubled to provide tuning over the near ultraviolet spectrum. In a recent review article, Harris [3] describes the operation characteristics to date. The oscillator requires a laser pump source and, like the dye laser, it reproduces the power, pulse length, and repetition rate of the pumping laser with efficiencies varying between 1 and 50 percent. For example, a commercial oscillator tunes from 0.55 pm to 3.75 pm, with a bandwidth of 1 cm-' in the visible and less than 0.25 cm-l in the infrared. The single pulse energy is 1 m J , and the repetition rate is up to loo0 pps [34] , [35] . With an intracavity etalon the oscillator linewidth has been reduced to less than 0.01 cm-l [36] . New nonlinear materials are under study for the purpose of extending the tunable region further out in the infrared [ 371. The spinflip Raman laser also provides tunable radiation in this region [38] , [39] . One other source of tunable coherent radiation might be particularly useful for absorption measurements in the infrared. This is the diode laser which generates coherent light directly from the applied current. Individual diodes tune over a narrow spectral region of about 1 cm-' and the tuning is achieved by changing the current [40] . For diodes constructed of mixed crystals, it is possible to achieve oscillation at a particular frequency by adjusting the material composition. As an example, GaJn1,As has been "tuned" between 0.85 and 3.5 pm [41] and Pbl,Sn;Te between 6.5 and 32 pm [42] , [43] . The spectral bandwidths are less than a few kilohertz and individual vibrational-rotational lines are resolved [43] . Diode lasers require cryogenic cooling when operating in the infrared spectral region, and the output is at best only diffraction limited in the plane of the junction [44] . In the plane perpendicular to the junction the beam divergence can be more than ten times the diffraction limit. Therefore, over a long pathlength not all of the diode power may be useful.
In the discussion of the resonance backscattering from vibrational transitions we consider CO as an exwple. It is a wellknown air pollutant and should provide results that are typical, since the vibrational absorption cross sections and the spontaneous lifetimes are about the same for most simple molecules. For resonance detection of metal-vapor pollutants we take sodium and mercury as examples. The cross sections and spontaneous lifetimes for these atoms are known and should also be representative for other atomic pollutants. We also include a brief discussion of resonance backscattering from electronic transitions of molecules with benzene, NOZ, and SO2 as examples.
I ) Molecular Pollutants-Infrared Excitation:
The spontaneous transition probabilities for CO are [45] ~1 . 0 = 30.3 5 
where 71 is the relative density. The following discussion considers only absorption at the fundamental transition. We have, however, explicitly stated the absorption cross section for the first overtone transition, because it may be useful in situations where pump depletion is important.
Assuming that the pollution begins at %in, and is of uniform concentration, (4) yields Multiplying the intensity at the receiving mirror by the area of the mirror A, and the efficiency of the receiving optics K yields the resonant backscattered power at the detector. For the photovoltaic InSb detector we find from (21) and (37) Fig. 9 shows the integral S,,,dt) for various relaxation times, absorption constants, and pump pulse lengths, assuming a uniform pollution concentration beginning at Rmin 
Iru(O a cn,&totSn,o(t).
(44)
Therefore, the backscattered intensity is independent of concen- tration for pump-depletion lengths shorter than the layer thickabsorption constants uNbt, and pulse lengths ta assuming a uniform The information most readily available from resonance backpollutant concentration beginning at R,,,i,= 10 m.
scattering from vibrational transitions is the distance to the beginning of the polluted region. Since there is no straightforward Fig. 9 . The integral S,,o(t) evaluated for various relaxation times 7 , ness. a time delay equivalent to Rm, gives the distance to the polluted region even though the long upper-state decay time limits depth resolution to ARre"=m/2. For typical vibration decay times of T = 10-4 to 1 0 -6 s, the depth resolution is lo2 to lo4 m.
Due to pump depletion most of the resonance backscattering is from molecules that lie at a distance less than the pump depletion length into the polluted region. From (9), the pump depletion length is for a thin layer where Rmin and L is in meters. Fig. 10 shows the minimum detectable concentration 40 -1) for resonance backscattering for the two cases. As in the Raman scheme, it is possible to improve the sensitivity by increasing the receiving mirror area from the assumed 0.01 mf to 1 mf and enhance the sensitivity by a factor of one hundred. The atmospheric attenuation limits the range to a few kilometers, since within the infrared atmospheric windows the attenuation constant is approximately 0.5 km-1.
Referring to Table II , we see that the background radiation power can theoretically be more than four orders of magnitude larger than the minimum detectable signal power for the dark- 
2) Metal Vapor Pollutants:
The pollutant metal vapors include arsenic, cadmium, zinc, sodium, and mercury. For our discussion we consider sodium and mercury vapor as examples. The detection sensitivity and depth resolution is good for metal vapors because of large absorption cross sections and short fluorescence decay times. We assume that the available pulse energy is 1 mJ at the sodium frequency (58% A) and 0.1 mJ at the mercury frequency (2537 A).
For reference Table I11 is the relative concentration of the pollutant.
Pump depletion is a potential problem because of large atomic absorption cross sections. As a function of detuning for a Lorentzian line with a linewidth Au, the effective cross section is given by where fibs is the absorption cross section at the center frequency w0. By detuning, the pump-depletion length increases so that more of the polluted region is probed until it reaches a limit determined by the decreased backscattered intensity. Referring to (a), the depletion length as a function of pollutant concentration for sodium and mercury is The range of metal vapor concentration presently measured in the atmosphere is between 10 and 0.01 parts per billion (ppb). The expected pump-depletion length therefore ranges between 0.1 and lo2 m for sodium and 1 to 1@ m for mercury when the exciting frequency is at line center.
From Table I11 we see that quenched fluorescence decay time T = T~~Z is approximately where Q is the quenching factor defined in (34) and pump depletion is neglected.
Applying the condition that the backscattered power is greater than the minimum detectable power for photon-limited detection, the minimum detectable concentration for sodium is 
nY ( 4
The combination of increased cross section, fast radiative lifetime, and use of a photomultiplier detector greatly increases the sensitivity for metal vapor detection. This result is valid if the detector is not background limited. However, the background radiation caused by elastic Mie and Rayleigh backscattering is not negligible for resonance backscattering from atoms. Except under extremely clear daytime conditions, the largest contribution is from Mie backscattering. From (24) and (51) the approximate ratio between the Mie and the resonance backscattering intensity is
I' "B ( T y W ) N t o t & (54)
For a visibility of 5 km the Mie scattering coefficient at the sodium wavelength is 0.7 km-l. Using this value and the parameters for sodium we find A major problem associated with the resonance backscattering from atoms is the lack of effective discrimination against the elastic backscattering. Equation (55) Comparing this result with (53), we see that the elastic backscattering severely limits the sensitivity. The detectivity is independent of distance since both the fluorescence and elastic backscattering intensities have the same l/Rz dependence.
To improve the detection sensitivity it is necessary to discriminate against elastic backscattering. For example, off line center excitation of the resonance transition allows spectral filtering. For an increased signal-toelastic backscattering intensity ratio, the detection sensitivity improves even for a reduction in total signal intensity. According to (53) and (56), the signal intensity may be reduced several orders of magnitude before the detector noise limit is reached. Therefore, filtering techniques should improve the detection sensitivity given in (56).
(57)
for a visibility of 5 km with the corresponding Mie scattering coefficient of 1.7 km+. The detection sensitivity for mercury is lower than for sodium due to the smaller mercury cross section and longer spontaneous lifetime.
The depletion length determines the depth over which the pollutant can be probed. In (51) we neglected pump depletion. If we include the exponential depletion term [cf. (lol)], we can solve for the maximum probing depth R-&h consistent with the detection sensitivity given by (56) and (57). At a 100-m range we find that R -Rmin = 390 m for sodium and R -Rmin = 11 m for mercury.
Due to the short quenched fluorescence decay time the transmitted laser pulse length and gatewidth determine the depth resolution. Therefore, the depth resolution is the same as for the Raman scheme.
When the laser pulse length is longer than the fluorescence decay time 7, saturation is negligible when Therefore, for reasonable transmitted pump energies and beam areas, saturation is negligible.
The discussion of natural background radiation and atmospheric attenuation for the Raman scheme in Section IV-A applies for the electronic resonance backscattering as well since the transition frequencies are in the near ultraviolet. We have already concluded that the natural background radiation can be neglected for a narrow field of view. At wavelengths shorter than 3000 A, natural background radiation is not a problem because of the ozone absorption in the upper atmosphere.
As in the Raman scheme, the atmospheric attenuation limits the range of detection. Except for possible pump depletion due to the resonance absorption, the maximum range is a few kilometers, depending on the visibility at the time of the measurements.
3) Molecular Poilutants-Electronic Excitation: As a final example we consider resonance backscattering from benzene. This example illustrates the potential sensitivity associated with resonance backscattering from excited molecular electronic states. Most molecules absorb in the middle ultraviolet, and the absorption is generally over a wide spectral range. As a consequence, there is significant overlap between individual absorption bands. Some of the molecules show distinct absorption spectra consisting of individual lines, while others have diffuse absorption bands with very little structure. The fluorescence is normally at a different frequency than the absorbed radiation. The frequency is shifted toward the visible region, and the difference is due to one or more vibrational frequencies. This frequency shift allows good rejection of the Rayleigh and Mie backscattering. Since the fluorescence consists of several lines, the interference problem may be reduced by correlation spectroscopy techniques [47] .
The absorption spectrum for benzene is shown in Fig. 11 .
Benzene absorbs between 2300 and 2700 A, and the various lines reflect the vibrational structure. Individual rotational lines are not resolved, and at atmospheric pressure they overlap so that the linewidth factor used in the absorption constant is the total linewidth of an electronic vibrational transition including all rotational fine structure. This linewidth is approximately 60 cm-1. [55] . Fig. 12 shows the fluorescence spectrum of benzene which consists of several lines over a 30OOcm-1 spectral range. Equation (51) gives the backscattered fluorescence intensity for benzene.
For the values in Table IV we have where F is the monitored fraction of the total fluorescence spectrum. By combining (59) and (17) the minimum detectable pollutant concentration is
R2
for a laser pulse energy of lo-' J. Here we have assumed the same parameters for the receiving system as in our previous discussion for the metal vapor example. For F=0.1 and integration over loo0 pulses the minimum detectable concentration for benzene is similarly, we obtain for SOr and NOs that and In practice interference from other molecules may reduce the detection sensitivity. As discussed earlier, the range is limited to a few kilometers due to the atmospheric attenuation.
The depletion length and sensitivity determine the maximum probing depth. From (40) and (61) we have for benzene that Rdepl = 3.6 X 108/R2 (m).
(64 Cornpared to the metal vapor case, the probing depth for benzene is considerably longer.
Since the backscatter fluorescence is at a shifted frequency relative to the pump, the discrimination problem against the Mie backscattering is not as severe as for atomic fluoresoace. Fig. 13 shows the necessary rejection ratio for NOz and SOo. This can be obtained ,yith standard filtering techniques. Resonance backscattering from molecular electronic transitions has sufficient sensitivity to be useful and has good depth resolution due to rapid quenching times. However, interference from other molecules due to the wide fluorescence bands and background radiation are potential problems that require further investigation.
C. Resonance Absorption
Detection of air pollutants by absorption has the advantage of both high sensitivity and the requirement for minimal beam powers. However, it is necesary to use a remote detector or retroreflector. The absorption scheme measures the total integrated pollution density in the beampath. Fig. 14 illustrates two possible geometries for the long pathlength absorption measurement technique. The advantage of a laser compared to conventional light sources is its high intensity per bandwidth and small beam divergence [19] . For example, for a transmitting mirror area of 10 cm2 at a 1-pm wavelength the beam area only doubles over a 1-km pathlength.
When the detection limit is taken as a necessary 5-percent change in intensity for frequency switching on and off the absorption line, (13) gives the minimum detectable integrated density. For a uniform pollutant concentration starting at Rmh, (13) becomes > 1. 9 x 10-27
This expression is generally applicable if the transmitted laser spectral-width is less than the absorption linewidth of the transition. Otherwise, it is necessary to use an effective absorption cross section.
The condition used to estimate the detection sensitivity is conservative. When the integration time is sufficiently long to average out laser or atmospheric fluctuations, the ultimate detection limit is set by the detector noise. From (109) of Appendix III the minimum detectable change in relative signal power is where SDP, = i , . For a signal-tcmoise ratio of 10, a 1-MHz bandwidth, integration over lo00 pulses, and other detector parameters as in Table II , we find or a photomultiplier, and for an InSb detector. In these expressions the first term results from the signal shot noise and the second term from dark-current shot noise. To detect a change of 0.1 percent in transmission requires a signal power of only W. This is a theoretical limit disregarding atmospheric and laser fluctuations. Independent of fluctuations, a minimum limit is also set on APmin/P, by the dynamic range of the detector. Commercial spectrometers measure approximately 0.1-percent change in transmission. For a 0.1-percent detection limit the detection sensitivity given by (65) is improved by a factor of 50. Table V gives the minimum detectable concentration for various pollutants for a 100-m absorption path. These results neglect interference problems. For example, NO2 and SO2 have wide electronic absorption bands with little characteristic structure. In this case, absorption measurements at several characteristic wavelengths can help to reduce the interference. Fig. 15 shows the minimum detectable concentration versus range for CO absorption at the fundamental vibrational transition. The figure applies to other pollutants if the relative concentration scale is divided by the cross section ratio with respect to the CO absorption cross section. The absorption technique allows sensitive measurements of pollutant levels over short and long pathlengths. Also, unlike the Raman and rescpance backscattering schemes, the absorption scheme sensitivity improves with pathlength.
Referring to Table V , we see that for a pathlength of 1 m at 0.1-percent detection limit the detection sensitivity for CO is 0.2 ppm. A folded beampath improves the sensitivity without increasing the size of the detection device. Such an instrument is similar to the more familiar nondispersive infrared analyzers (NDIR) [57] , except that the sensitivity is increased to the level necessary to detect dispersed pollutants.
A possible use for a portable path absorption spectrometer could be to monitor street level, subway, or even closed-work-area pollutant levels.
The folded path cell makes use of the collimation properties of the laser beam properly matched into a spherical cavity formed by two curved high reflecting mirrors, such as described by Herriott and Schulte [58] in their laser delay line work. By using proper cavities of only moderate volume, it is possible to achieve over 100 passes between the mirrors. Thus, unlike the NDIR or other single-pass absorption instruments, the sensitivity is greatly increased at little cost in overall absorption volume. If gold coated mirrors are used with a reflectivity of 98.3 percent in the infrared, the beam intensity is reduced by a factor of 0.2 after one hundred bounces. Thus a low-power laser is sufficient to provide enough intensity for a good signal-to-noise ratio over an effective pathlength of between 10 to 30 m.
The useful range for the absorption scheme is much longer than for the backscattering scheme, and for a given range the required transmitted power is much less. 
(72)
This result is important when consideration is given to laser sources that are alternatives to the relatively expensive dye and parametric oscillator systems. For example, the tunable diode lasers [41] , [42] , [43] presently available can provide nearly diffraction-limited light output over most of the infrared spectral region. The diode laser is small and relatively inexpensive. Present day infrared diodes, however, require cryogenic cooling.
The sensitivity of the absorption scheme improves with increased pathlength. The necessary laser power for sensitive detection is much smaller than for the Raman and the resonance backscattering schemes, and in addition there is no need for a large receiving mirror. So in situations where depth resolution is not a necessity, the absorption scheme offers the most direct and least expensive solution to the pollution detection problem.
V. CONCLUSION
The Raman and the resonance backscattering schemes require sophisticated optical systems. To obtain adequate sensitivity it is necessary to use high-power lasers, large receiving mirrors, and expensive signal processing instrumentation. Resonance absorption has more modest requirements, particularly if semiconductor lasers are used as sources in the infrared region. The resonance schemes require tunable lasers, and moreover, the linewidth should be narrower than the width of the resonance transitions. With the addition of a remote reflecting mirror, a system for resonance backscattering is also useful for resonance absorption. The two detection schemes can provide complementary information. For example, resonance backscattering may locate the pollution, while the more sensitive absorption scheme may determine the integrated concentration.
All molecules in the atmosphere contribute to the Raman scattering. To select the Raman signal for the pollutant of interest, good filtering techniques are required. Interference problems may arise for lines close to the Nz or 0 2 Raman lines because of the high Raman intensity for these molecules. In order to detect dispersed pollutants at a 1 ppm level, the Nz and O2 intensities must be rejected by at least a lo6 ratio. Elastic Rayleigh and Mie backscattering present a background problem since the recessary rejection ratio is larger than 109 at the 1 ppm pollutant concentration level.
We have considered resonance backscattering and absorption for both vibrational and electronic transitions. For vibrational transitions, it is necessary to work within one of the infrared atmospheric windows. Interference can be avoided by exciting vibrational rotational lines not overlapped by other pollutants. For electronic transitions, atmospheric transmission losses limit the resonance backscattering and absorption techniques to atoms and molecules with absorption at wavelengths longer than 2500 A.
The potential sensitivity is high for the electronic fluorescence scheme, but interference is a problem since the electronic absorption and fluorescence bands of the molecules are wide and overlapping. The total bandwidth may be more than 5000 cm-' , compared to a total width of only a few hundred wavenumbers for Raman and vibrational transitions. For molecules the fluorescence is frequency shifted from the absorption frequency, so discrimination against Mie backscattering is possible. For backscattering from atoms, however, the Mie backscattering limits the detection sensitivity.
Natural background radiation may also limit the sensitivity. Small acceptance angles and optical bandwidths reduce the back-ground radiation, so it is not a problem except for the resonance backscattering from molecular electronic transitions at wavelengths longer than 3000 A.
Atmospheric transmittance limits the maximum range of the Raman and resonance backscattering schemes to a few kilometers. To achieve this range for metal vapors it may be necessary to tune off line center because of pump depletion due to the large absorption cross sections.
The transmission scheme has the greatest range of up to 50 k m .
Electronic transitions usually have fast fluorescence decay times. Therefore, the depth resolution depends only on gatewidth and laser pulse length, as for the Raman scheme. There is a tradeoff between depth resolution and sensitivity since the large electronic bandwidths necessary for good depth resolution also increase the detector noise. Backscattering from vibrational transitions provides only partial depth resolution.
The interpretation of measured data is fairly straightforward for the Raman and transmission schemes. For the resonance backscattering from vibrational transitions a complicated integral relates the pollutant concentration to the signal intensity. The information most readily available is the location of the polluted region. For electronic fluorescence the integral simplifies, due to the short fluorescence decay times, to the same form as the Raman expression.
The detection sensitivities given below are based on realistic values for system parameters. For the Raman scheme we assume a laser pulse of 1 J at 3471 A and the detection of only one pulse.
The minimum detectable concentration is where R is in meters, and the maximum useful range is limited to about 1 km due to atmospheric transmittance loss TIT2. Resonance backscattering from CO in the infrared gives vco(0 -1) > 1.6 X 10-'Rmi, ( which is independent of distance out to a range set by the detector sensitivity. Resonance backscattering from molecular electronic levels gives grated pulses. The detectable concentrations for SOz and NOt assume nighttime conditions. For daytime operation the background reduces the sensitivity by approximately 200 for NOz.
The minimum detectable concentration for the absorption scheme is (cf. 
R -Rmin
The Raman scheme and the resonance backscattering scheme for infrared molecular transitions are not sensitive enough to detect dispersed pollutants and simultaneously provide depth resolution. However, they can be used to detect highly concentrated pollutant sources such as smokestacks. The resonance backscattering scheme for the detection of atomic pollutants and for scattering from molecular electronic transitions has better sensitivity, but it is still marginal for the detection of dispersed pollutants.
In evaluating the usefulness of these schemes it is important to consider complexity and cost. Both the Raman and resonance backscattering schemes require complex optical and data reduction systems at a relatively high cost. The atmospheric absorption scheme is less complex and costly and requires minimal laser power. It lacks depth resolution, but it is the only scheme sensitive enough to detect dispersed pollutants. In the resonance backscattering scheme a short pump pulse is preferred to achieve depth resolution. In the resonance absorption scheme which lacks depth resolution, there is no restriction on the pump pulse length. It is still important, however, to avoid saturation of the excited vibrational level since this would complicate quantitative measurements. For a CW pump laser the number of excited molecules is tional level since, otherwise, the population density of the intercoupled levels would have to be considered.
d N n
For resonance detection schemes, pump depletion may be 
2J -1
(84) Pump depletion is important when the integral in (94) is larger Equation (83) implies that Nn(to)<<Ntot, which means that the We next calculate the backscattered spontaneous radiation, laser pulse does not saturate the transition. For X J d . 1 and including pump depletion and assuming no saturation. The radianeglecting the spontaneous decay term in (80), (83) gives tion intensity at the detector at a time t after the pump pulse is than unity.
APPENDIX 11
RESONANCE BACKSCATTERING I N I w m FROH ELECTRONIC TRANSITIONS
. N n ( -$ ' ' ) AdR (95) At atmospheric pressure the fluorescence decay time of excited electronic transitions can be as smaU as 1Wlo s due to rapid where Rmi, is the distance to the start of the polluted area, Tn,-l is quenching. The expression for the resonance backscattering the atmospheric transmittance over the distance R at the freintensity [cf. Finally, substitution of (%) into (95) yields the following desired result : -a n , o N t o t ( R -Rmin)]} . ( 
99)
For electronic transitions where f0>>7 and the depletion length is larger than the laser pulse length where W = Z d t o is the total energy per pump pulse.
For R>>cto/2, the expression for the backscattered intensity is of the same form as for the Raman scheme. Combining (100) with (4) we obtain I"(t) % ~ -- 
(103)
The ratio Aa/a is the relative uncertainty in the measured pollutant concentration. For Aa we have that where Ail and Ais are the uncertainty in signal currents.
We have from (15) that the shot noise is
The shot noise in the detector sets a theoretical detection limit. 
neglecting background generated noise. Combining the previous equations, we find
For smaU absorption a&, (107) reduces to
The right-hand side of (108) is recognized as the signal-to-noise expression (S/N)i,+ for the difference current. From (108) the minimum detectable change in signal current at a given signal-tonoise ratio is
For example, for a signal-to-noise ratio of 10 for the difference current, we see from (108) that the integrated pollutant concentration is measured with an accuracy of 33 percent. For sufiicient pollutant absorption there is a optimum value for the absorption integral a which maximizes the CY/ACY ratio. We determine the optimum value for CY by differentiating (107). For the cases of photon-limited and dark-current limited detection we obtain respectively = 2.22 and h, = 1.1 1. Substitution of these values into (107) gives for photon-limited detection il>>id that n Requiring that (a/Aa)2mar>lO we rewrite (110) and (111) to obtain a restriction for the necessary power P1=il/SD outside the absorption-line incident on the detector. We have for a photonlimited detector that where the detector parameters have been defined in Section 111.
